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Abstract: Inter simple sequence repeat (ISSR) polymorphism was used to determine genetic diversity 
and phylogenetic relationships in 90 genotypes of wild and cultivated species of Oryza from different 
geographical regions of the world. In all the 17 primers used in ISSR-PCR, a total of 11 464 bands 
were amplified at 253 band positions/loci. The primer UBC-809 amplified the maximum bands (1 059) 
at 21 band positions. UBC-810 and UBC-835 amplified the minimum of 391 bands each at 7 and 14 
band positions respectively. The mean polymorphism information content ranged from 0.44 to 0.84 
and resolving power ranged from 8.69 to 23.53. Un-weighted pair group method with arithmetic mean 
dendrogram and population structure based on the 17 primers separated all genotypes into 4 major 
clusters with a genetic similarity of 53%–100%. The first two clusters consisted of 30 O. rufipogon 
accessions each. In the third cluster, O. nivara and O. longistaminata grouped as one sub-cluster and 
all other O. nivara accessions and cultivars grouped as another sub-cluster. The fourth cluster had only 
five O. rufipogon accessions which can be a source of new genes. Four sub-populations were 
identified within O. rufipogon and two sub-populations within O. nivara at K = 7. A subset of six primers 
with high resolving power values were the most informative and grouped all genotypes almost similarly 
as the 17 primers did. Use of these six highly informative primers in ISSR-PCR is a cost effective and 
robust method for assessing genetic diversity in large germplasm collections of wild rice species.  
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Assessment of genetic diversity and relationships 
within and among crop species and their wild relatives 
is essential not only for basic studies on evolution but 
also for informed utilization and protection of plant 
genetic resources (Rao and Hodgkin, 2002; Barcaccia, 
2009; Govindaraj et al, 2015; Brozynska et al, 2015). 
Among crops, rice has the largest ex-situ germplasm 
collection in the world. Some elite lines from the 
germplasm have made significant contributions to rice 
breeding for disease and pest resistance. For example, 
accession 101508 of O. nivara was the only accession 
out of 10 000 tested for resistance to grassy stunt virus 
(Ling et al, 1970; Khush et al, 1977). The wild species 
can also help increase yield in rice. In India, 
Dhanarasi and Jarava derived from crosses with O. 
rufipogon are two rice varieties released for increased 
yield (Ram T et al, 2007, 2010). More recently, DRR 
Dhan 40, a medium duration variety (BC2F8 line 
derived from Swarna × O. nivara IRGC81848) was 
released for Maharashtra, Tamilnadu and West Bengal 
states of India after three years of multi-location 
testing. It showed 25% increase in yield over Jaya, a 
popular variety of the similar duration grown in these 
three states. Several yield-enhancing QTLs have also 
been mapped from wild species (Marri et al, 2005; 
Swamy et al, 2014). Rice yield needs to be 
continuously improved since biotic stress and abiotic 
stress reduce the productivity. It is imperative that 
wild species will be increasingly used to improve rice 
yields further to meet the future demand for food. 
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However, it is difficult to decide which accession of 
wild species to use when yield is the target trait since 
the wild species themselves are not high-yielding. 
Thus, there has been a paradigm shift from looking at 
the phenotype to looking at the genotype when 
considering wild species (Tanksley and McCouch, 
1997). If genetic diversity in wild accessions can be 
fairly and accurately assessed using few informative 
molecular markers, it can help in selecting an 
accession based on its genetic distance from cultivated 
rice rather than phenotype. For example, distant 
accessions may be preferred for developing new 
cytoplasmic male sterile (CMS) lines, while closely 
related accessions are preferred for enhancing yield/ 
quality traits. Also, it will be useful to design 
strategies for collection, conservation, and use of wild 
accessions in rice improvement programs.  
The genus Oryza has 24 species, two cultivated 
species Asian O. sativa and African O. glaberrima, 
and 22 wild species including 10 distinct genome 
constitutions designated as AA, BB, CC, BBCC, 
CCDD, EE, FF, GG, KKLL and HHJJ (Vaughan, 
1989; Aggarwal et al, 1999; Shakiba and Eizenga, 
2014). The gametic chromosome number is 12. O. 
rufipogon and O. nivara are the two closest wild 
progenitors (both 2n = 24, AA) and are highly 
compatible with O. sativa and easily crossable (Oka, 
1988; Brar and Singh, 2011). Londo et al (2006) 
reported that India and Indochina may represent the 
ancestral center of diversity for O. rufipogon based on 
DNA sequence variation in three gene regions. Huang 
et al (2012) sequenced 446 diverse accessions of O. 
rufipogon and 1 083 cultivated indica and japonica 
varieties. They classified O. rufipogon into three types 
Or-I, Or-II and Or-III. O. sativa indica is derived from 
Or-I which includes annual O. nivara, and japonica is 
derived from Or-III in Southern China. It is believed 
that the sub-populations indica and aus are generated 
due to the differentiation of indica sub-species. 
Likewise, aromatic, tropical and temperate japonica 
sub-populations are grouped with sub-species japonica 
(Garris et al, 2005; Zhao et al, 2011; Huang et al, 
2012; Shakiba and Eizenga, 2014).  
Wild species of Oryza are not only a reservoir of 
existing alleles but also important resource to generate 
new alleles for improving yield and tolerance to biotic 
and abiotic stress. Several useful traits have been 
introgressed from wild species to cultivars (Brar and 
Khush, 1997, 2002; Jena and Khush, 2000; Fu et al, 
2008; Ali et al, 2010; Bimpong et al, 2011; Thalapati 
et al, 2014). QTLs for yield and yield related traits 
have been mapped from several wild species of rice. It 
is interesting to note that almost half of the QTLs 
derived from wild species are trait-enhancing (Xiao 
et al, 1998; Septiningsih et al, 2003; Ashikari et al, 
2005; Xie et al, 2006, 2008; Yoon et al, 2006; Swamy 
and Sarla, 2008; Swamy et al, 2011, 2014; Sudhakar 
et al, 2012). O. rufipogon is an ideal resource for 
novel alleles and can be easily used for improving 
existing varieties (Furuta et al, 2014). Also, candidate 
genes have been identified from wild species, which 
can help improve rice yield. For example, LRK gene 
(He et al, 2006), and glycogen synthase kinase 
(Os11Gsk) (Thalapati et al, 2012) were reported to be 
likely candidates from O. rufipogon for yield 
improvement. In addition, bph21 for brown planthopper 
resistance (Rahman et al, 2009), pi40t for blast 
resistance (Jeung et al, 2007), Xa33 for bacterial leaf 
blight (Natrajkumar et al, 2012) are useful genes 
identified from wild species of rice.  
Molecular markers are useful for evaluating genetic 
diversity in crop germplasm. Several types of cheap 
and easily usable molecular markers are being used 
regularly for studying genetic diversity in rice. These 
include random amplified polymorphic DNA (RAPD) 
(Neeraja et al, 2002; Rabbani et al, 2008), simple 
sequence repeat (SSR) (Ram S G et al, 2007; Herrera 
et al, 2008; Zhang et al, 2009) and inter simple 
sequence repeat (ISSR) (Joshi et al, 2000; Girma et al, 
2010; Alhasnawi et al, 2015). Several researchers used 
locus specific SSR markers for estimating genetic 
distances, population structure and domestication of O. 
sativa and its close wild relatives (Ren et al, 2003; 
Juneja et al, 2006; Alvarez et al, 2007; Zhu et al, 2007; 
Zhang et al, 2011). ISSR markers are multilocus 
markers amplified using microsatellites as primers. 
Unlike RAPDs, they are highly reproducible and 
polymorphic because they use relatively longer 
primers at high stringency PCR conditions. ISSR 
markers are randomly distributed throughout the 
genome, generally dominant, show high variability 
among and within taxa and have a great potential to 
determine intra and inter genomic diversity in rice 
(Reddy et al, 2002; Alhasnawi et al, 2015). 
Genetic diversity relationships and fingerprinting 
have been reported in different species of Oryza such 
as O. nivara (Sarla et al, 2003; Juneja et al, 2006; Zhu 
et al, 2007), O. rufipogon (Prathepha, 2012) and O. 
granulata (Qian et al, 2001) using molecular markers 
(Parsons et al, 1997; Blair et al, 1999). Among all the 
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wild relatives, O. rufipogon is increasingly being used 
to improve different traits in rice (Thomson et al, 2003; 
Tian et al, 2006; Huang et al, 2008; Yu et al, 2011; 
Sudhakar et al, 2012; Huang et al, 2013). Both ISSR 
and SSR markers were used for evaluating the genetic 
diversity of traditional Basmati, cross-bred Basmati 
and non-Basmati rice varieties (Nagaraju et al, 2002). 
Anchored (AG)n and (GA)n primers were used in 
ISSR-PCR to distinguish a large set of landraces from 
varieties but only four wild accessions were used in 
our previous study (Sarla et al, 2005). ISSR markers 
were not only used in Oryza but also reported in 
several other genera for determining genetic diversity 
relationships. Khshirsagar et al (2014) reported variety 
diagnostic ISSR markers within 48 indica rice 
varieties including four aromatic varieties grown in 
eastern India. It is not known whether ISSR primers 
can genetically differentiate a large set of O. rufipogon 
or any other wild accessions in a robust manner.  
There is an interest in wild rice especially O. 
rufipogon not only to improve cultivars but also 
because there is concern that an aggressive weedy rice 
may develop as a result of interspecific hybridization 
(Chen et al, 2004). The origin of weedy rice may vary. 
Morpho-physiological diversity of weedy rice 
accessions from central India based on cluster analysis 
revealed that some clustered with O. rufipogon and 
others with cultivated rice (Rathore, 2013). O. nivara 
is another wild progenitor of rice found growing 
around rice fields and both O. nivara and O. rufipogon 
can cross with O. sativa. However, Cao et al (2006) 
showed that weeds are often due to inter-varietal 
crosses rather than inter-specific crosses based on 
diversity at 20 SSR loci, since the value of each wild 
accession cannot be determined for traits such as high 
yield, a rational approach is to determine the genetic 
distance of a set of wild accessions relative to the 
cultivars and use moderately distant ones in crosses to 
obtain useful novel variability for yield and other traits.  
The objective of this study was to shortlist a few 
informative primers in ISSR-PCR that can accurately 
delineate the genetic diversity in a large set of wild 
accessions of O. rufipogon and O. nivara and to 
determine if subgroups exist within the wild accessions 
based on population structure. For comparison 
representatives of the five sub-groups of O. sativa i.e. 
indica, tropical japonica, temperate japonica, aus and 
aromatic rice were also used. Two accessions of O. 
longistaminata (2n = 24, AA) were used as outliers. 
This would be a cost effective method for selecting 
either closely related or very distant wild accessions 
quickly for prebreeding programs based on genotypic 
diversity and population structure rather than 
phenotypic diversity. It would also help in identifying 
duplicates in germplasm collections. 
MATERIALS AND METHODS 
Rice materials 
A collection of 90 genotypes including 65 accessions 
of O. rufipogon, 9 accessions of O. nivara, 2 
accessions of O. longistaminata and 14 accessions of 
cultivated rice which includes 5 subspecies such as 
indica (IR64, Swarna, Rasi and 9314), temperate 
japonica, (Nipponbare and Taipei 309), tropical 
japonica, (BSI115 and Moroberekan), aus (N22, 
FR13A and Dular), and aromatic (Basmati 370, Type 
3 and CSR30) were used for genetic diversity analysis. 
The genotypes used are listed in Table 1. The 90 
genotypes were collected from Indian Institute of Rice 
Research (IIRR), and Ramachandrapuram farms 
Hyderabad. Seeds were soaked in petri plates with 
moistened blotting paper at room temperature for 
proper germination, and 7–10 d seedlings were 
transplanted into clay pots and grown in green house 
under normal illumination.  
DNA extraction 
Genomic DNA from young leaves was isolated using 
CTAB (cetyl trimethyl ammonium bromide) method 
with some modifications (Zheng et al, 1995). The 
quality and quantity of genomic DNA was measured 
through spectrophotometry using Nanodrop (ND 1000, 
Thermo Scientific, Madison, USA), and visually 
checked for integrity of DNA by ethidium bromide 
staining of 0.8% agarose gels. The DNA samples were 
diluted with TE buffer to get a concentration of 50 
ng/µL. 
PCR analysis 
A total of 17 primers based on GA, AG and TC 
repeats were used in ISSR-PCR (Table 2). GA repeats 
are the most abundant repeats after AT and show the 
maximum diversity. DNA amplification was carried 
out in a DNA thermal cycler (Applied Biosystems, 
USA) using a single primer in each reaction. The 
reaction mixture with a total volume of 15 µL 
contained: 10 mmol/L Tris-HCl (pH 9.0), 50 mmol/L 
KCl, 2.5 mmol/L dNTPs (Bangalore Genei), 25 
mmol/L MgCl2, 10 pmol/L primer, 1 U of Taq DNA 
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polymerase (BangaIore Genei), and 50 ng of template 
DNA. The PCR amplification conditions were: Initial 
step of denaturation at 94 ºC for 5 min, followed by 36 
cycles of denaturation at 94 ºC for 30 s, primer 
annealing temperature at 50 ºC for 45 s, elongation at 
72 ºC for 2 min, followed by final elongation step at 
72 ºC for 7 min. The annealing temperature was 
adjusted according to the melting temperature of each 
primer being used. Amplified products were resolved 
on 1% agarose gel (USB agarose) and electrophoresis 
was done at 160 V for about 2 h. The 100-bp ladder 
(Bangalore Genei) was used to estimate the molecular 
weight of amplified products. The gels were observed 
under a UV Trans-illuminator (Alpha Innotech) to 
score bands.  
Data analysis  
Each ISSR fragment was considered as an 
independent locus, only distinct, intensely stained, 
unambiguous, reproducible and well-resolved fragments 
were scored manually in a binary mode (‘0’ for absent 
and ‘1’ for present) at each band position for all 
accessions of each primer (Fig. 1).  
In ISSR-PCR, each amplified product was 
considered as an ISSR marker (Sarla et al, 2003). 
Total number of bands amplified, average number of 
amplified bands for each primer, polymorphism 
Table 1. List of O. rufipogon, O. nivara, O. longistaminata and O. sativa genotypes used and their origins. 
N Acc No. Species Source N Acc No. Species Source N Acc No. Species Source 
1 106147 O. rufipogon Laos 31 81998 O. rufipogon Papua new guinea 61 WR119 O. rufipogon India 
2 106277 O. rufipogon Papua new guinea 32 105125 O. rufipogon Papua new guinea 62 WR120 O. rufipogon India 
3 106507 O. rufipogon Myanmar 33 106162 O. rufipogon Laos 63 81879 O. rufipogon India 
4 106462 O. rufipogon India 34 81877 O. rufipogon India 64 81894 O. rufipogon India 
5 106131 O. rufipogon India 35 81802 O. rufipogon Indonesia 65 86476 O. rufipogon India 
6 106459 O. rufipogon India 36 80712 O. rufipogon India 66 102166 O. nivara India 
7 106427 O. rufipogon Vietnam 37 81878 O. rufipogon India 67 105320 O. nivara India 
8 106453 O. rufipogon Indonesia 38 106274 O. rufipogon Papua new guinea 68 105333 O. nivara India 
9 106123 O. rufipogon India 39 104640 O. rufipogon Vietnam 69 106052 O. nivara India 
10 106437 O. rufipogon Vietnam 40 81977 O. rufipogon Indonesia 70 106495 O. nivara India 
11 106338 O. rufipogon Cambodia 41 104425 O. rufipogon Thailand 71 105809 O. nivara Thailand 
12 106122 O. rufipogon India 42 104423 O. rufipogon Thailand 72 81848 O. nivara India 
13 106271 O. rufipogon Papua new guinea 43 80669 O. rufipogon India 73 104721 O. nivara Thailand 
14 81890 O. rufipogon India 44 80762 O. rufipogon Myanmar 74 105894 O. nivara Bangladesh 
15 81892 O. rufipogon India 45 81986 O. rufipogon Cambodia 75 101230 O. longistaminata Sierra Leone 
16 81894 O. rufipogon India 46 81987 O. rufipogon Cambodia 76 101207 O. longistaminata Ivory coast 
17 81884 O. rufipogon India 47 81989 O. rufipogon Myanmar 77 IR64 O. sativa IRRI 
18 106465 O. rufipogon Laos 48 80592 O. rufipogon India 78 Swarna O. sativa India 
19 106515 O. rufipogon Vietnam 49 81880 O. rufipogon India 79 Rasi O. sativa India 
20 106119 O. rufipogon India 50 80781 O. rufipogon India 80 9314 O. sativa China 
21 106125 O. rufipogon India 51 81895 O. rufipogon India 81 BSI115 O. sativa Indonesia 
22 80671 O. rufipogon India 52 106118 O. rufipogon India 82 Moroberekan O. sativa Guinea 
23 106144 O. rufipogon India 53 106115 O. rufipogon India 83 Nipponbare O. sativa Japan 
24 106407 O. rufipogon Vietnam 54 106084 O. rufipogon India 84 Taipei 309 O. sativa Taiwan, China 
25 82011 O. rufipogon India 55 105910 O. rufipogon Thailand 85 N22 O. sativa India 
26 106163 O. rufipogon Laos 56 106057 O. rufipogon India 86 FR13A O. sativa India 
27 106149 O. rufipogon Laos 57 104599 O. rufipogon Sri Lanka 87 Dular O. sativa India 
28 106340 O. rufipogon Myanmar 58 104606 O. rufipogon Sri Lanka 88 Basmati 370 O. sativa India 
29 81978 O. rufipogon Indonesia 59 106083 O. rufipogon India 89 Type 3 O. sativa India 
30 81990 O. rufipogon Myanmar 60 104639 O. rufipogon Thailand 90 CSR30 O. sativa India 
N, Number; Acc No., Accession number. 
Table 2. Details of 17 primers used in ISSR-PCR. 
Primer 
Sequence repeat motif 
(5′–3′) 
Annealing temperature 
(°C) 
UBC-807 (AG)8T 47 
UBC-808 (AG)8C 49 
UBC-809 (AG)8G 49 
UBC-810 (GA)8T 47 
UBC-811 (GA)8C 47 
UBC-812 (GA)8A 47 
UBC-823 (TC)8C 49 
UBC-824 (GA)8G 49 
UBC-834 (GA)8YT 48 
UBC-835 (AG)8TC 50 
UBC-840 (GA)8YT 47 
UBC-842 (GA)8YG 50 
UBC-853 (TC)8RT 48 
UBC-854 (TC)8RG 48 
UBC-884A HBH(AG)7 47 
UBC-884B ACTGCT(GA)7 50 
UBC-885 GCCG(AG)6 50 
Y means any pyrimidine; R means any purine; B means C, G or T; 
H means A, C or T. 
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information content (PIC) and resolving power (Rp) 
values were given in Table 3.  
The PIC value for each locus was calculated 
according to the formula of Milbourne et al (1997). 
PIC = Σ (1 – Pi2) / n, where Pi is the frequency of 
the ith allele, n is the number of bands. The Rp of each 
primer was calculated according to Prevost and 
Wilkinson (1999); Rp = Σ Ib, where Ib = 1 – [2 × (0.5 – 
Table 3. Details for primers. 
Primer PIC Resolving power (Rp) No. of band positions Total No. of bands amplified Range of bands amplified by primer b 
UBC-807 0.84 14.11 19 635 11–53 
UBC-808 0.70 13.27 13 597 12–67 
UBC-809 a 0.65 23.53 21 1059 23–83 
UBC-810 0.59   8.69   7 391 41–76 
UBC-811 0.44 10.36   7 466 52–86 
UBC-812 a 0.64 19.98 18 899 18–84 
UBC-823 0.73 14.58 15 656 23–79 
UBC-824 0.72 16.27 16 732 26–70 
UBC-834 a 0.69 17.09 17 769 15–81 
UBC-835 0.84   8.69 14 391 4–81 
UBC-840 a 0.67 18.04 17 812 12–70 
UBC-842 a 0.61 18.60 16 837 11–86 
UBC-853 0.84 12.93 18 582 4–59 
UBC-854 0.64 14.93 13 672 22–85 
UBC-884A 0.62 16.18 14 728 17–80 
UBC-884B 0.79   9.51 12 428 5–82 
UBC-885 a 0.64 18.00 16 810 21–80 
PIC, Polymorphism information content.  
a Most informative six primers; b The minimum and the maximum genotype number for the bands amplified by the primer. 
Fig. 1. Fingerprints of 90 samples using primer UBC-823 by inter simple sequence repeat markers. 
M, 100-bp ladder. 1 to 90 are the numbers of the genotypes which are shown in Table 1. 
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Pi)], where Pi is the proportion of accessions 
containing band i. The binary data matrix was used to 
calculate simple matching coefficient of genetic 
similarity between pairs of accessions. Similarity 
coefficient values were used to construct a 
dendrogram using the method of unweighted pair 
group method with arithmetic mean (UPGMA) carried 
out using NTSYSpc ver. 2.02i software to generate a 
cluster diagram (Rohlf, 1989) and two-dimensional 
principal coordinate analysis (PCoA) was performed 
to highlight the resolving power of the ordination 
using NTSYSpc ver. 2.02i. Unrooted neighbor-joining 
tree (UNJ) was constructed and factorial 
correspondence analysis (FCA) was carried out using 
DARwin ver. 6.0 software (Perrier et al, 2003). A 
model based clustering method was used to infer the 
population structure using a software STRUCTURE 
ver. 2.3.4 (Pritchard et al, 2000). The likelihood 
values for the number of clusters (K) were calculated 
and evaluated for their significance. The clusters 
ranged from 1 to 10 and 100 runs were performed. 
Each run was carried out with a burn in period of 5000 
and run length of 50 000 markov chain monte carlo 
number (MCMC) replications. Final K value was 
determined using the method of Evanno et al (2005). 
Evannos ΔK method and Ln probability data was used 
to detect presence of genetically distinct populations 
using graphical approach.  
RESULTS 
ISSR analysis  
The PCR amplification of 90 genotypes using 17 
primers, amplified a total of 11 464 bands at 253 band 
positions. All the primers showed 100% polymorphism 
among all accessions. The primer UBC-809 amplified 
the maximum of 1 059 bands at 21 band positions, 
while UBC-810 and UBC-835 amplified the minimum 
of 391 bands each at 7 and 14 band positions, 
respectively. The number of bands per accession using 
17 primers ranged from 92 in O. nivara IRGC104721 
to 158 in O. rufipogon IRGC106123. The primer 
UBC-884B amplified unique bands at the seventh 
band position which was present only in five O. 
rufipogon accessions. The primer UBC-835 amplified 
unique bands in only six japonica varieties and in one 
O. rufipogon accession.  
Marker informativeness  
PIC was calculated to characterize the capacity of 
primers to reveal polymorphism across all accessions. 
The range of frequencies of polymorphic bands for a 
given primer considering all accessions was 0.04–0.96, 
with an average of 0.5. A large number of polymorphic 
bands occurred in the frequency of 0.3–0.6 (Fig. 2). 
The range of PIC for polymorphic bands at 253 band 
positions was 0.09–1.00 with a high average of 0.70. 
About 60% of the polymorphic bands fell in the PIC 
range of 0.70–1.00 (Fig. 3). The mean PIC value for 
ISSR primers ranged from 0.44 to 0.84. Three primers 
UBC-807, UBC-835 and UBC-853 showed the maximum 
mean PIC value of (0.84). UBC-811 showed the 
minimum mean PIC value of 0.44. 
The ability of an ISSR primer to distinguish all 
accessions was analyzed by calculating resolving 
power (Rp). In our study, the Rp values ranged from 
8.69 to 23.53, with an average of 14.99 (Table 3). 
Fig. 2. Frequency distribution of polymorphic bands across 90 
accessions. 
Fig. 3. Polymorphism information content (PIC) values for the
polymorphic bands obtained using ISSR primers in 90 
accessions. 
G. HARITHA, et al. ISSRs Help Identify Genetically Distinct Accessions of O. rufipogon                                                                   231 
Among the five (AG)n primers, UBC-809 showed the 
highest Rp value (23.53). Among the eight (GA)n 
primers, UBC-812 showed the highest Rp value 
(19.98) and among the three TC repeats, UBC-854 
showed the highest Rp value of 14.93. The highest Rp 
was shown by the primer UBC-809 (23.53), followed 
by UBC-812 (19.98), UBC-842 (18.60), UBC-840 
(18.04), UBC-885 (18.00) and UBC-834 (17.09). The 
lowest Rp values were obtained for the primer UBC-
835 (8.69).  
UPGMA cluster analysis 
The data based on 17 primers was used to construct a 
dendrogram through sequential agglomerative hierarchical 
nested clustering and UPGMA analysis. The 
dendrogram separated all the accessions into four 
major clusters, with a similarity coefficient ranging 
from 0.53 to 1.00. Cluster I comprised of 30 O. 
rufipogon accessions. Cluster II comprised of 30 O. 
rufipogon accessions with a similarity coefficient 
ranging from 0.58 to 1.00 (Fig. 4). In cluster II, 
interestingly only one pair of accessions from India 
(IRGC104425 and IRGC104639) could not be 
distinguished (genetic similarity of 1.00), and can be 
considered as duplicates for the purpose of shortlisting 
germplasm for conservation. Cluster III comprised of 
9 O. nivara and 2 O. longistaminata accessions 
clearly delineated and grouped together in one sub-
Fig. 4. Un-weighted pair group method with arithmetic mean dendrogram among 90 accessions using 17 primers.  
r, O. rufipogon; n, O. nivara; l, O. longistaminata; s, O. sativa. 
Accession numbers (from top to bottom) are 1, 23, 3, 28, 29, 24, 26, 30, 21, 22, 25, 27, 2, 13, 11, 14, 15, 16, 17, 6, 7, 10, 8, 4, 18, 9, 12, 5, 20, 
19, 31, 47, 37, 33, 34, 35, 54, 51, 50, 55, 56, 57, 58, 48, 49, 38, 39, 40, 42, 43, 44, 45, 46, 36, 41, 60, 52, 53, 32, 59, 71, 72, 73, 74, 75, 76, 66, 67, 69, 
68, 70, 77, 78, 80, 81, 82, 83, 84, 88, 89, 85, 86, 87, 79, 90, 61, 62, 65, 63 and 64. 
0.53                          0.61                          0.69                          0.77                           0.84                          0.92                          1.00 
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cluster and the other accessions of O. nivara and all O. 
sativa cultivars grouped in the second sub-cluster with 
a similarity coefficient ranging from 0.62 to 1.00. 
There were three pairs of accessions with genetic 
similarity of 1.00 in this cluster where members of a 
pair could not be distinguished. These were 
IRGC105320 and IRGC106052, IR64 and Swarna, 
and FR13A and Dular. It is highly significant that the 
14 cultivated O. sativa accessions were quite clearly 
resolved into 5 known sub-groups of O. sativa. These 
five sub-groups are indica (IR64, Swarna and 9314), 
aus (N22, FR13A and Dular), aromatic (Basmati 370 
and Type 3), temperate japonica (Nipponbare and 
Taipei 309) and tropical japonica (BSI115 and 
Moroberekan). Cluster IV consisted of 5 O. rufipogon 
accessions, WR119, WR120, IRGC86476, IRGC81894 
and IRGC81879 with a similarity coefficient from 
0.53 to 0.95.  
Informative primers 
Based on high Rp value, six primers (UBC-809, UBC-
812, UBC-842, UBC-840, UBC-885 and UBC-834) 
were shortlisted and the UPGMA clustering using 
only these six primers revealed similar grouping as the 
grouping based on 17 primers (Fig. 5). Thus these six 
primers are adequate to assess genetic diversity in 
large number of wild accessions of the two progenitor 
species O. nivara and O. rufipogon. 
Fig. 5. Un-weighted pair group method with arithmetic mean dendrogram among 90 accessions using 6 informative primers.  
r, O. rufipogon; n, O. nivara; l, O. longistaminata; s, O. sativa. 
Accession numbers (from top to bottom) are 1, 23, 27, 2, 13, 11, 4, 18, 21, 6, 8, 7, 10, 9, 12, 14, 15, 16, 22, 20, 24, 30, 28, 29, 26, 57, 17, 25, 5, 
32, 3, 58, 19, 36, 41, 60, 52, 53, 38, 31, 49, 33, 34, 35, 51, 37, 54, 48, 50, 39, 40, 42, 43, 44, 45, 46, 47, 55, 56, 71, 74, 75, 76, 72, 73, 59, 66, 67, 69, 
68, 77, 78, 85, 80, 70, 81, 82, 83, 84, 86, 87, 79, 90, 88, 89, 61, 63, 64, 62 and 65. 
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Principal coordinate analysis 
Two-dimensional dispersion of all genotypes based on 
17 primers is presented in Fig. 6. All O. rufipogon 
accessions separated as one cluster and O. nivara, O. 
longistaminata and O. sativa genotypes were grouped 
together as the second cluster. Five O. rufipogon 
accssions WR119, WR120, IRGC86476, IRGC81879 
and IRGC81894 formed a separate small cluster. 
These are thus genetically distinct from other 60 O. 
rufipogon accessions. 
UNJ analysis 
UNJ analysis based on 17 primers grouped 90 
genotypes into 3 major clusters (Fig. 7). Boot strap 
values above 50 are shown on the dendrogram. FCA 
was drawn to determine genetic variability in the 
genotypes based on 17 primers (Fig. 8). All 60 O. 
rufipogon accessions were grouped together along the 
second axis. The 5 O. rufipogon accessions distinct 
from other 60 O. rufipogon accessions grouped 
separately along the second axis. 
Population structure 
Simulations were conducted based on admixture 
model with K ranged from 1 to 10 with 10 iterations 
using all 90 genotypes which showed significant 
population structure at K = 4. STRUCTURE analysis 
was conducted on a panel of 90 genotypes to optimize 
the number of groups (K). By comparing, the LnP(D) 
and Evanno’s ΔK values by increasing K from 1 to 10, 
we found that LnP(D) values increased upto K = 4, 
with the highest log likelihood score at K = 4, whereas 
another peak of Evanno’s ΔK occurred at K = 7 (Fig. 
9-A). The population structure using 17 primers 
showed that likelihood reached a sharp peak when the 
number of populations was set at four, suggesting that 
90 rice accessions were grouped into four major 
populations. Three populations are sub-groups within 
O. rufipogon and the fourth population consisted of O. 
nivara, O. longistaminata and O. sativa accessions 
(Fig. 9-B). In the second structure of classification at 
K = 7, O. rufipogon itself grouped into four clear sub-
populations, O. nivara grouped into two sub-
populations and O. sativa grouped as one population. 
Major sub-groups of O. sativa, indica, japonica, aus 
and aromatic, were clearly distinguished. Thus, the 
genetic structure of 90 accessions showed two sets of 
population structures at K = 4 and K = 7. There were 
0.67                      0.71                      0.74                      0.77                      0.80                       0.83 
Dim 1 
D
im
 2
 
0.26 
 
 
0.13 
 
 
-0.01 
 
 
-0.15 
 
 
-0.28 
 
 
-0.42 
Fig. 6. Two dimensional plots of the genetic relationship among 90 genotypes of Oryza as revealed by principal coordinate analysis (PCoA) in 
NTSys ver. 2.02.  
The five O. rufipogon accessions 61, 62, 63, 64 and 65 separated from the other O. rufipogon accessions and grouped together. 
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three sub-groups in O. rufipogon at K = 4 and four 
subgroups at K = 7. One sub-group consisting of five 
accessions was the same in both and this group did not 
show any admixture, indicating these are relatively 
purer and distinct O. rufipogon accessions (Fig. 9-C). 
These sub-populations corresponded well with 
UPGMA and UNJ cluster analysis. 
DISCUSSION 
Six primers out of 17 were found to be highly 
informative in ISSR-PCR for distinguishing all 
accessions. The primers UBC-842 and UBC-834, 
UBC-835 and UBC-812 had the highest PIC and Rp 
values and previously reported as informative for 
genetic diversity studies in landraces (Sarla et al, 
2005). Reddy et al (2009) reported UBC-842 was 
informative primer for distinguishing flood-tolerant, 
drought-tolerant and salinity-tolerant genotypes 
clearly. The primers UBC-812 and UBC-842 were 
reported as informative primers, which showed the 
maximum PIC values and were used for diversity 
studies in O. nivara accessions (Sarla et al, 2003). PIC 
Fig. 7. An unrooted neighbor joining tree showing the genetic relationships among the 90 genotypes.  
Red indicates 30 O. rufipogon accessions of subgroup I, blue indicates another 30 O. rufipogon accessions of subgroup II, and yellow indicates 
O. nivara, O. longistaminata and O. sativa accessions. The five distinct O. rufipogon accessions of subgroup III are in green color. 
Fig. 8. Factorial correspondence analysis of 90 genotypes using 17 
primers. 
Red indicates O. rufipogon accessions of sub-group I, blue 
indicates O. rufipogon accessions of sub-group II and yellow indicates 
O. nivara, O. longistaminata and O. sativa accessions. The five distinct 
O. rufipogon accessions of sub-group III are in green color. 
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and Rp for the primers UBC-809, UBC-834, UBC-
842 and UBC-885 was lower in differentiating wild 
and cultivated accessions of chickpea (Choudhary et al, 
2013) compared to the values obtained in our study. 
Thus, the PIC value of different kinds of germplasm 
varies significantly. Rp is strongly correlated with the 
ability of a primer to distinguish all genotypes. Rp in 
our study ranged from 8.69 (UBC-810 and UBC-839) 
to 23.53 (UBC-809). In a previous study on landraces 
and varieties, the Rp value of UBC-809 was the 
lowest but in our study it was the highest. This 
confirms that the kind of germplasm being studied 
influences the resolving power of the primer (Sarla 
et al, 2005). In general, (GA)n repeats are the most 
abundant repeats and highly polymorphic regions 
across the rice genome (Garland et al, 1999; Davierwala 
et al, 2000). Our previous report showed that the 
primers of (GA)n repeats had the maximum PIC values 
for differentiating 50 landraces, 20 high yielding 
varieties and 16 other accessions (hybrids and 4 wild 
accessions) (Sarla et al, 2005). Reddy et al (2009) also 
reported the (GA)n repeats showed higher Rp and PIC 
values than (AG)n repeats in differentiating drought 
tolerant, flood and salinity tolerant varieties from three 
control varieties. Likewise, in this study the primers 
with (AG)n repeats showed the maximum number of 
polymorphic bands, and the highest PIC and Rp 
values indicating their usefulness in differentiating a 
large set of wild accessions. Thus, we provide 
evidence that informativeness of (AG)n and (GA)n 
repeats for diversity analysis varies for different types 
of germplasm. In the present study, grouping based on 
17 primers clearly separated O. rufipogon, O. nivara, 
O. longisatminata, and O. sativa accessions and 
corresponded well with earlier studies (Garris et al, 
2005). This indicates the robustness of clustering. 
Some cultivars Rasi (indica derived from CO29 × 
Taichung Native 1) and CSR30 (aromatic) did not 
group in their respective clusters. This is probably 
because the amplified genomic loci in these lines 
maybe derived from other sub-groups in their parentage.  
It is interesting to note that the genomic regions 
amplified using only six informative primers were 
unable to distinguish the two well-known drought 
tolerant (Dular) and flood tolerant (FR13A) aus 
varieties. Likewise, two well-known indica varieties 
IR64 and Swarna and two temperate japonica varieties 
Nipponbare and Taipei 309 were not distinguished at 
this interspecific scale of resolution. Swarna and IR64 
were reported to group together in a previous study 
also based on GA repeats (Reddy et al, 2009). One 
pair of O. nivara accessions IRGC105320 and 
Fig. 9. STRUCTURE analysis of the 90 accessions. 
A, The graphical representation showing population structure of two peaks. One peak at K = 4 showing largely inter-species differentiation and 
the other peak at K = 7 showing largely intra-species differentiation within wild and cultivated genotypes. B, A model-based clustering method at K = 
4 (the first panel). Each color represents different population groups. I, II, and III represent sub-populations within O. rufipogon; IV represents O. 
nivara, O. longistaminata and O. sativa. C, A model-based clustering method at K = 7 (the second panel). Each color represents different population 
groups. I, II, III and IV represent four sub-populations within O. rufipogon; V and VI represent sub-populations within O. nivara accessions and two 
O. longistaminata also grouped here; VII represents population consisting of all the five sub-groups of O. sativa. 
A 
C 
B
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IRGC106052 and one pair of O. rufipogon accessions 
IRGC104425 and IRGC104639 from India could not 
be distinguished. The members of these two pairs of 
wild accessions may well be considered duplicates for 
the purpose of reducing load on germplasm banks. In 
the third cluster, three O. rufipogon accessions 
IRGC105910, IRGC106057 and IRGC106083 grouped 
with O. nivara, and one O. nivara accession IRGC106495 
separated from other O. nivara accessions and 
grouped with tropical and temperate japonica varieties. 
All other 77 genotypes were clearly distinguished 
from each other using six informative primers.  
The UPGMA and population structure analysis 
delineated all genotypes as four clusters whereas 
PCoA, UNJ and FCA analysis showed only three 
clusters. The five distinct O. rufipogon accessions 
were separated from other O. rufipogon accessions, 
but they clustered together with O. sativa. The 60 O. 
rufipogon accessions in clusters I and II showed 58% 
genetic similarity, and O. nivara, O. longistaminata, 
and cultivars in cluster III showed 62% genetic 
similarity. The five O. rufipogon accessions in cluster 
IV showed 53% genetic similarity among them and 
were distinct from other O. rufipogon accessions. These 
five O. rufipogon accessions together grouped in 
cluster III along with O. nivara, O. longistaminata and 
O. sativa accessions in UNJ and FCA analysis. 
Among the five O. rufipogon accessions, at least three 
are known to be from Uttar Pradesh, India. These 
were thus genetically distinct and distant from 60 
other O. rufipogon accessions. The exact location of 
original collection of the two accessions WR119 and 
WR120 from India could not be traced. These distant 
accessions are useful to introgress new genetic 
variability in popular lines, which has also been shown 
in our previous work. Sarla et al (2003) showed all 24 
O. nivara accessions are delineated based on their 
geographic region, but four O. nivara accessions 
IRGC81814 and IRGC81848 from Uttar Pradesh and 
IRGC81832 and IRGC102166 from Bihar were 
separated from others and grouped together as a small 
cluster. Two O. nivara accessions IRGC81832 and 
IRGC81848 of the four distinct accessions were used 
in crossing program with Swarna, an elite cultivar. 
The major yield enhancing QTLs qyldp2.1 and 
qyldp11.1 were mapped from the cross Swarna/ 
IRGC81832 (Kaladhar et al, 2008; Swamy et al, 2014). 
In another study, two major yield QTLs qyldp2.1 and 
qyldp9.1 and grain quality related QTLs were mapped 
from the cross Swarna/IRGC81848 (Swamy et al, 
2011, 2012, 2014). Likewise, two of the five most 
distant and distinct O. rufipogon accessions from this 
study were used in crossing program with elite 
varieties. WR120 was used in one study and two 
major yield enhancing QTLs qyld2.1 and qyld8.1 were 
identified (Marri et al, 2005; Thalapati et al, 2012, 
2014). Introgression line IL50-13 (IET21943) derived 
from this cross was identified for release in West 
Bengal for high yield in coastal saline areas after four 
years of multilocation testing in AICRIP. Accession 
WR119 was used in another study, where high iron 
zinc lines were obtained from the derivatives of cross 
BPT-5204/WR119 (Neelamraju et al, 2012; Roja et al, 
2013). Another accession IRGC86476 has been 
reported to show bacterial leaf blight resistance and a 
new gene Xa34t was identified (Natrajkumar et al, 
2011; Sujatha et al, 2011). It also has high zinc in 
grains (Anuradha et al, 2012). Among the five distinct 
O. rufipogon accessions, three accessions IRGC81879, 
IRGC81894 and IRGC86476 showed resistance to 
blast (unpublished data). Thus, all the five genetically 
distinct accessions have been shown to be of value in 
rice improvement. 
It is interesting to note that out of the five distinct O. 
rufipogon accessions, three accessions are from Uttar 
Pradesh, Sultanpur, Bahraich and Lucknow districts, 
which are in the north east region of Uttar Pradesh 
where a domestication event may have occurred. 
Lahuradewa, where the oldest rice grains (earlier than 
2500 B.C.) of O. rufipogon were reported is also in 
the same region of Uttar Pradesh (Aiello, 2011). 
Glaszmann (1987) also showed that five out of the six 
enzyme groups of rice were found only in accessions 
from the same sub Himalayan region of Uttar Pradesh. 
It is known that O. rufipogon crosses easily with O. 
sativa (Brar and Singh, 2011), so it is likely that the 
five distinct O. rufipogon accessions were collected 
from regions where cultivated rice was not in the 
vicinity to allow outcrossing.  
The crossability of O. rufipogon was 6%–10% and 
O. nivara with cultivars was more than 10% (Lu et al, 
2002). Song et al (2003) showed that overall 
outcrossing rate of O. rufipogon populations 
Dongxiang and Chaling was about 20%. Chaling 
populations had relatively lower outcrossing rate 
compared with that of Dongxiang populations (19.6% 
vs 28.7%). Phan et al (2012) determined the 
outcrossing rates of two backcross lines R1 and R2 
derived from the cross Nipponbare × O. rufipogon 
W630 (annual form). Line R1 shows outcrossing from 
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4.04% to 25.50% with an average of 10.20% whereas 
the outcrossing rate ranges from 1.63% to 10.53% 
with an average of 5.55% in line R2. Oka (1988) 
summarized that outcrossing rates in O. rufipogon 
range from 4.3% to 55.9%. The perennial forms of O. 
rufipogon tend to show higher rates (0.50) than the 
annual forms (0.04) (Barbier, 1989). Gao et al (2007) 
showed that outcrossing rate for wild rice is nearly 
50%. Marathi and Jena (2015) reported that wide 
genetic variability exists in wild Oryza species with 
outcrossing rate of 3.2% to 50.0%. Particular 
accessions of O. longistaminata and O. rufipogon also 
showed outcrossing of upto 100% (Sakai and Narise, 
1959; Oka and Morishima, 1967).  
Population structure supports that there is no 
admixture in these five accessions which form a clear 
sub-group at K = 4 and K = 7. Three of these 
accessions have already been shown to be a good 
source of novel alleles for use in rice improvement. 
Thus, distinct accessions at least among the sexually 
compatible, close wild relatives such as O. rufipogon 
should get high priority for use in rice improvement. 
On the other hand, there were at least four O. 
rufipogon accessions also from the same regions of 
northeast Uttar Pradesh (Basti, Gonda, Deoria and 
Faizabad districts) which grouped among the other 55 
accessions group of O. rufipogon. These four 
accessions have probably intercrossed with cultivated 
rice as wild rice are often found around rice fields. 
The outcrossing rates of wild rice also vary and that 
could also influence the extent of introgression and 
their grouping into a particular sub-group. The 
grouping is not always according to the geographical 
location from where they were collected.  
The population grouping through structure analysis 
was similar to distance-based clustering of UPGMA. 
Four major populations (clusters) were generated in 
the run at K = 4. Seven populations were generated in 
the run at K = 7. O. rufipogon accessions were 
grouped into four sub-populations. Liu et al (2015) 
also identified four genetically distinct groups within 
O. rufipogon and there was no correlation between the 
genetic groups, species identity and geographical 
regions based on sequences of 12 nuclear and two 
chloroplast loci from 26 wild populations across the 
entire geographic ranges of O. nivara and O. rufipogon. 
Though Huang et al (2012) grouped 446 O. rufipogon 
accessions into three groups, it may be noted that Or-
III had two clades IIIa and IIIb and can be considered 
four populations as observed in our study. 
ISSRs have been used previously for genetic 
diversity and population structure in rice (Kumbhar 
et al, 2015), wheat (Khan et al, 2015), Lilium regale 
(Wu et al, 2015), medicinal shrub Plumbago (Panda 
et al, 2015) and mangrove lime Merope angulata 
(Jena et al, 2015), but all these dealt with cultivars and 
not wild accessions. Celeste et al (2013) used 29 SSR 
markers in 119 accessions of wild rice O. rufipogon, 
O. nivara, O. meridionalis and cultivated rice O. 
sativa. The population structure showed eight 
genetically distinct population groups which correlates 
with their geographic population within three taxa. O. 
meridionalis and the Nepalese O. nivara diverged 
from all the population groups and Australasian O. 
rufipogon appeared distinct from the remaining 
species in their study. The five distinct O. rufipogon 
accessions in our study are also from Asia. It is 
inferred from the STRUCTURE analysis that a high 
proportion of admixed accessions were present among 
wild species and this may be due to their outcrossing 
nature. It is estimated that the outcrossing of O. 
rufipogon is 10%–50% (Sweeney and McCouch, 
2007). All sub-groups of O. sativa grouped together as 
the fourth population. At lower population levels 
diversity within O. sativa was not prominent due to 
the existence of large scale diversity within O. 
rufipogon.  
In conclusion, our results reveal that six primers 
(UBC-809, UBC-812, UBC-842, UBC-840, UBC-885 
and UBC-834) based on AG and GA repeats with high 
Rp values were highly informative and adequate for 
differentiating O. rufipogon accessions as the 17 
primers did. These primers can be easily used in a cost 
effective manner to assess diversity when handling a 
large set of wild germplasm collections of rice. The 
population structure analysis divided O. rufipogon 
into four sub-groups. Our study would help to identify 
closely related or distantly related accessions for use 
in introgression of new variability into rice cultivars. 
It would also help to identify duplicates in wild 
accessions in germplasm banks, to study genetic 
differentiation in wild rice populations from different 
locations and decide on populations or accessions for 
conservation. 
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